Background: Pyelonephritis is a risk factor for renal tubular epithelial cell damage. Recent studies have shown that Escherichia coli and/or its toxins may stimulate apoptotic cell death in renal tubular cells, but the underlying molecular mechanisms remain to be elucidated. Methods: Confluent LLC-PK 1 cells were exposed to E. coli toxins from overnight cultures of the uropathogenic O6K13H1 (O6) and the nonpathogenic W3110. The cell death was studied with morphological and biological assay. Results: E. coli soluble toxins from uropathogenic O6:K13:H1(O6) strain were found to induce apoptosis in a dose-and time-dependent manner in LLC-PK1 cells. The expression of FasR and the phosphorylation of ERK1/2 were significantly upregulated by O6 soluble toxins in a time-dependent manner. Cell death was completely inhibited by two specific ERK1/2 inhibitors, but not by a broad caspase inhibitor, zVAD-fmk, implicating a caspase-independent pathway via ERK. Moreover, we found that lysophosphatidic acid could trigger a survival signal through G-proteins and PI3K. Conclusion: We demonstrate that apoptosis induced by uropathogenic E. coli toxins is dependent on ERK1/2. Caspases, although being activated, are not necessary for cell death, and they act after the ERK signaling at which point cells become committed to cell death or can be rescued.
Introduction
Pyelonephritis is one of the most common febrile bacterial diseases in children. If not treated appropriately, it may cause irreversible renal scar leading to renal failure. Epidemiological studies demonstrate that Escherichia coli is the primary causative organism for urinary tract infections. Virulence factors, such as fimbriae and pili, facilitate bacteria adhesion to the uroepithelial cells [1, 2] . In mice, E. coli-infected bladder cells undergo apoptosis to eliminate invading bacteria [3] , and pyelonephritogenic E. coli adhesion results in cytotoxicity in cultured renal cells [4] . Moreover, enterohemorrhagic E. coli-derived Shiga-like toxins can also induce apoptosis in proximal tubular cells [5] . However, the molecular mechanism by which E. coli toxins cause renal damage remains under active investigation. A previous study has shown that uropathogenic E. coli O6 K13H1 (O6) produce toxins that generate intracellular Ca 2+ oscillations in renal tubular cells and promote gene transcription [6] . This present
Preparation of Bacteria Soluble Toxins
The human and rat pyelonephritogenic E. coli strain ARD6 (serotype O6: K13: H1) [20] was grown on LB-agar plates, then one colony of bacteria was cultured overnight in 10 ml Luria-Bertani (LB) medium at 37°C until optical density reached 1.2. This culture was centrifuged, the supernatant was collected and bacteria pellet was discarded. The remaining supernatant (soluble toxins) was sterilized by 0.22 Ìm filtration. The nonpathogenic E. coli strain W3110 [21] was compared.
Cell Culture and Treatment LLC-PK1 cell line from porcine proximal tubule (European Collection of Animal Cell Cultures, ECACC) was maintained in medium-199 (M199) containing penicillin (50 U/ml) and streptomycin (50 Ìg/ml) and supplemented with 10% fetal calf serum (FCS). Cells were grown to confluence (untreated), then kept in 0.2% FCS medium for 4 h. Soluble toxins from uropathogenic E. coli O6K13H1 (O6 group) or nonpathogenic W3110 strain (W3110 group) were added at a final dose of 100 Ìl/ml. Cells left in 0.2% FCS medium were the control group (control, con). Cells were then collected for different assays by scraping or trypsinization. Albumin (1 mg/ml), lipid-free albumin (1 mg/ml) and LPA (30 ÌM ) were added to the cell culture just before adding the bacteria soluble toxins. Pertussis toxin (PTX, 200 ng/ml) was added 6 h before other substances. Wortmannin (Wort, 200 nM ), PD98059 (PD, 50 ÌM ), U0126 (U0, 20 ÌM ) and cycloheximide (4 ÌM ) were added 30 min before bacterial soluble toxins. zVAD-fmk (35 ÌM ) was added to the cell culture 20 h after the bacterial soluble toxins. We performed dose-dependent curves for all the above chemicals and the results were all in agreement with the literature.
Cell Viability
Trypan blue (T.B) Exclusion Test. As previously described [22] , cells with damaged cell membranes were stained blue (necrotic cells), while cells with intact plasma membranes remained unstained (apoptotic and healthy cells).
MTT Assay. MTT assay was based on the ability of mitochondria from viable cells to cleave the tetrazolium rings of the pale yellow MTT (3-(4,5-dimethylthiazol)-2,5-diphenyl tetrazolium bromide) resulting in formation of a dark blue formazan product. After removal of medium from 24-well plates, the cells were incubated with MTT. The MTT formazan precipitate was dissolved and read under a microplate reader (Dynatech, Chantilly, Va., USA) with a test wavelength of 562 nm and a reference wavelength of 660 nm. The experiments were run at least three times in triplicates.
Caspase 3-Like Activity. We use DEVD-MCA as a fluorogenic substrate to evaluate the caspase 3-like activity, as previously described [22] . Briefly, cells were removed by gentle scraping. Substrate cleavage leading to release of free MCA (excitation 355 nm, emission 460 nm) was monitored at 37°C using Fluoroskan II (Labsystem AB, Stockholm). Caspase 3-like activity was expressed in pmol/min/Ìg protein.
Western Blotting
Cells were lysed in urea sample buffer (62.5 mM Tris-HCl, pH 6.8; 6 M urea; 10% glycerol; 2% SDS; 0.00125% bromophenol blue; 5% ß-mercaptoethanol), sonicated for 15 s and then incubated at 65°C for 15 min. Proteins were detected as previously described [23] . PARP was detected with anti-PARP antibody (Santa Cruz, Calif., USA). ERK1/2 activity and total ERK were determined with antiphospho-ERK1/2 and anti-total ERK antibody (BioLab, New England, London). Fas Receptor (FasR) was examined by anti-fas antibody (Santa Cruz, Calif., USA).
DNA Ladder
Internucleosomal DNA fragments were detected primarily by DNA laddering. Briefly, cells from 6-well plates were pelleted and lysed in 500 Ìl of lysis buffer (5 mM Tris-HCL, pH 8.0, 20 mM EDTA and 0.5% triton X-100), then centrifuged at 15,000 rpm for 15 min. The supernatant was precipitated with ethanol and 5 M NaCl overnight at -20°C. The samples were centrifuged at 15,000 rpm for 15 min again and supernatant was discarded. The chromosomal DNA was extracted with RNAase and protease K (1mg/ml) for 1 h at 37°C, respectively. The DNA samples were separated by 1.8% agarose gel electrophoresis followed by staining with ethidium bromide.
Immunocytochemistry
The cells were grown on coverslips, washed with PBS, fixed with 3.7% formaldehyde in PBS for 15 min at 4°C and washed with 0.1% Tween-20 in PBS. Then the cells were incubated with a mouse monoclonal antibody (1:100 dilution in 1% BSA and 0.1% Tween-20 in PBS) against cleaved CK 18 (CK18 clone M30, Boehringer Mannheim) overnight at 4°C. After washing with PBS, the cells were incubated with a secondary anti-mouse-fluorescein antibody (1:500 dilution in 1% BSA and 0.1% Tween-20 in PBS) at room temperature for 2 h. The coverslips were mounted on slides with anti-fade mounting solution and examined under fluorescent microscope.
Statistical Analysis
Values are mean B SEM, n = 3-5 in each group. Cell viability is presented as percentage of untreated cells. Statistical analysis was performed using ANOVA followed by Tukey-Kramer multiple comparison test.
Results

Uropathogenic E. coli Strain (O6) Soluble Toxins Induced Cell Death
To determine the cytotoxicity of O6-soluble toxins in LLCPK1 cells, we incubated the cells with 100 Ìl/ml of O6 toxins for 24-72 h. More than 40% cells died 44 h after incubation, while no significant cell death was observed before 44 h (fig. 1a) . After 72 h incubation or high dose (over 200 Ìl/ml) of O6 toxins, we observed more necrotic or detached cells, while low dose of O6 toxins (50 Ìl/ml) caused no cell death (data not shown). MTT assay supported that there were less viable cells in O6 group at 44 h ( fig. 1b) . Meanwhile, we observed cell shrinkage, membrane blebbing and the appearance of brightly rounded bodies under phase contrast microscopy ( fig. 1c, right panel) , implying the occurrence of apoptosis. On the contrary, incubation with nonpathogenic E. coli W3110 affected neither cell viability nor morphology at any time after incubation ( fig. 1, 2) . Furthermore, O6-induced cell death was not significantly changed after coincubation with 100 Ìl/ml of W3110, as determined under phase contrast microscopy and by trypan blue exclusion test (data not shown), indicating that O6 toxins were toxic and that there was no competition between the two strains. Chen/Jahnukainen/Bao/Daré/Ceccatelli/ Celsi
O6-Induced Cell Death Displayed Apoptotic Features
To confirm that O6-induced cell death is apoptotic in nature, we further assayed cells with biochemical markers of apoptosis. Annexin V staining appeared at 40 h (data not shown) after O6 incubation and was very evident at 44 h in the shrunken, blebbed and rounded cells ( fig. 2 , bottom middle panel), but not occurring in control or after W3110 incubation ( fig. 2, bottom left and right) . At same time point, few cells were also positive for PI, implying necrotic death ( fig. 2, bottom middle panel) . More PIpositive cells appeared with prolonged incubation time (data not shown), indicating that secondary necrosis occurred in later stages. To further confirm the O6-induced cell death is an active process, we utilized a protein synthesis inhibitor, cycloheximide, to block the programmed cell death cascade. As expected, cycloheximide (4 ÌM) inhibited O6-induced death as studied by morphology (data not shown) and viability test (O6: 52 B 8.7% vs. O6 + CHX: 93 B 10.3%, n = 3).
As shown in figure 3a, a stronger DNA laddering pattern consistent with inter-nucleosomal DNA cleavage was observed after 44 h incubation with O6-soluble toxins but not in the control or W3110 group. Furthermore, cleavage of caspase substrate PARP, a hallmark of apoptosis was evident ( fig. 3b ). In the cells co-incubated with O6 and W3110, DNA ladder and PARP cleavage were still observed (data not shown). Using immunocytochemical assay ( fig. 3c) , we demonstrated the specific cleavage of the caspase substrate CK 18 on apoptotic cell membranes. No such staining was observed in control and W3110 groups. All evidence supported that O6-toxins mediated apoptotic phenomenon.
O6-Induced Cell Death Was Independent of Caspase Activation
Since O6-toxins induced caspase-dependent cleavage of several substrates, caspase 3-like activity was measured ( fig. 3d) . A significant increase (over 100-fold) in caspase 3-like protease activity was found after cells exposure to O6-toxins for 44 h. No increase in caspase 3-like protease activity was detected in the control and W3110 groups. It is known that cell death occurs via both caspase-dependent and -independent pathways [24, 25] . Therefore, we used a pan-caspase inhibitor zVAD-fmk to investigate whether caspase activation is necessary for O6-dependent cell death. Cells were exposed to zVAD-fmk (35 ÌM) 20 h after addition of O6 toxins since in pilot experiments we found that longer exposure time (44 h) to zVAD-fmk alone resulted in cytotoxicity. Addition of the caspase inhibitor completely abolished the O6-induced caspase 3-like activation ( fig. 4b) . However, zVAD-fmk could not Chen/Jahnukainen/Bao/Daré/Ceccatelli/ Celsi . 4c ), suggesting that cell death is independent of caspase activation.
O6-Induced Cell Death Required ERK1/2
MAPK ERK1/2 and p38 have been shown to be upstream signaling molecules in the apoptotic pathway in several cell types [12, 13, 33] . We found that phosphorylated ERK1/2 was significantly increased (no change of total ERK) after O6 incubation, in parallel with the occurrence of cell death and the increase in caspase 3-like activity ( fig. 5 ). Two inhibitors of MEK1/2 (the direct activator of ERK), PD98059 (50 ÌM) and U0126 (20 ÌM), completely blocked ERK1/2 phosphorylation ( fig. 5a ) and prevented cell death by nearly 100% (fig. 5b, c) as well as the increase in caspase 3-like activity ( fig. 5d) . A specific inhibitor of p38 MAPK, SB203580 (10 ÌM), did not block O6-induced cell death, as determined by morphological changes and caspase assay (con: 19 B 2.8 pmol/ min/Ìg protein; O6: 181 B 24; O6 + SB: 135 B 30; n = 3). At higher concentrations, SB203580 was toxic to the cells. These results suggested that ERK1/2 phosphorylation appears to be a crucial signal for cell death and it might be upstream of caspases activation.
Fas Was Upregulated in O6-Induced Cell Death
The FasR activates all major signaling pathways that belong to the family of MAPK, by either caspase-independent or -dependent mechanisms [14, 15] . Therefore, we examined the expression of FasR after exposure to O6-toxins. We found that FasR was upregulated from 16 up to 44 h after incubation with O6-toxins ( fig. 6 ). Consistent with activation of Fas-pathway, caspase 8 mRNA expression was upregulated at 44 h as shown by RT-PCR, while no change of Bax mRNA expression, a hallmark of caspase 9-cascade was observed [unpubl. obs.]. These data suggested that the Fas-caspase 8 pathway might be stimulated in O6-mediated apoptotic cell death. 
Serum Factors Prevented Cell Death
To identify survival factors, cells were incubated with O6 in the presence of 10% serum, no cell death was observed ( fig. 7a, b ) and caspase activation ( fig. 7c ), PARP cleavage ( fig. 7d ) and DNA fragmentation ( fig. 3a) were abolished. It has been shown that serum albumin and albumin-bound lipids may inhibit apoptosis [26, 27] . Therefore, we tested albumin (not lipid-free, AL) and lipid-free albumin (LF) to prevent O6-dependent cell death. Addition of 1 mg/ml of AL inhibited cell death, caspase activation and PARP cleavage, while the same concentration of LF did not prevent cell death ( fig. 8 ). It has been Chen/Jahnukainen/Bao/Daré/Ceccatelli/ Celsi suggested that LPA is an albumin-bound lipid with antiapoptotic effect [26, 27] . We found that LPA (30 ÌM) abolished O6-dependent cell death and caspase 3-like activity ( fig. 9 ). The inhibitory effect of LPA on apoptosis was abrogated when cells were pretreated with pertussis toxin or Wortmannin ( fig. 9 ), consistent with LPA acting via a G-protein and PI3K-dependent pathway [18, 28] .
Discussion
The present study demonstrates that uropathogenic E. coli O6K13H1 produces soluble toxins that induce cell death in renal proximal tubular epithelial cells. The morphological and biochemical alterations induced by E. coli toxins were compatible with apoptosis. Cell death appears to be an ERK-mediated phenomenon. Caspases, although activated during the apoptotic process, do not seem to be crucial for cell death. Furthermore, we show that serum contains one or more factors, such as LPA, that may prevent apoptosis.
The E. coli family consists of a heterogeneous group of strains whose virulence factors against epithelial cells remain largely unknown, except for their adhesion properties [20] mediated by interaction between host-cell receptors and bacterial proteins [29, 30] . Soluble E. coli toxins, such as Shiga toxin-like and verotoxin, have been shown to contribute to epithelial cell death in hemolytic uremic syndrome (HUS) in vivo and in vitro [5, 20] . Hemolysin is the prototype of another large protein family of pore-forming toxins produced by gram-negative organisms. It kills a wide range of cell types including renal tubular epithelial cells. Pyelonephritogenic E. coli, which produce hemolysin, induce high cytotoxicity in renal tubular epithelium [4] . In addition, E. coli hemolysin directly activates intracellular Ca + oscillations in absence of bacterial adhesion [6] . The present study extends this observation by showing apoptotic cell death in renal tubular epithelial cells exposed to soluble toxins from E. coli O6K13H1, which expresses neither Shiga toxin nor verotoxin. The finding that co-incubation with O6-toxins and W311O supernatant also resulted in apoptosis indicates that O6 strain is indeed toxic and that the W3110 is not just protective.
The nature of the pro-apoptotic toxins need to be further defined. We found that heating O6-toxins did not abolish cell death [pers. obs.], therefore it is unlikely that apoptosis is directly mediated by the highly thermo-labile hemolysin. Using liquid chromatography analysis, we have isolated several toxins, which seem to act synergistically in activating the apoptotic machinery [Gustaffason L, unpubl. obs.]. When O6 toxins were removed after upregulation of FasR (22 h ) and the cells were incubated with normal culture medium up to 44 h, no morphological changes nor cell death were observed [unpubl. observation], supporting that FasR must be activated by additional toxins in the next 22 h to trigger apoptotic event.
Members of the MAPK family have been shown to be involved in the signaling downstream of the FasR [14, 15, 31] . MAPK ERK1/2 is known to induce cell growth, differentiation and cell death. Several studies support the view that activation of ERK delivers a survival signal to counteract pro-apoptotic effects [32, 33] . Conversely, ERK may also mediate apoptosis [12, 13, 34] . In the present study, we provided evidence that ERK was critical for E. coli-induced apoptosis in renal tubule epithelial cells. Utilizing specific ERK inhibitors, we found that both cell death and caspase 3-like activity was completely abolished, consistent with ERK being upstream of caspases in the cell death pathway [12, 13] . However, using the p38 inhibitor (SB 20580), we were unable to block cell death and caspase activation, indicating that p38 was not required for cell death in our model. Moreover, it has been recently shown that PD98058 can inhibit both MEK1 and MKK5 in a dose dependent manner in certain cell types [35] . The dose used in this study was mainly compatible with inhibition of MEK1 [36] , but we cannot completely rule out the possibility that MKK5 was also involved.
The caspase 3 subfamily (caspase 2, 3 and 7) exerts execution functions in apoptosis. Previous studies about the fate of cells exposed to E. coli investigated only internucleosomal DNA cleavage [5, 37] , which is a relatively late event in the apoptotic process or in necrosis and may be dissociated from early critical steps of apoptosis. In this study, we found that caspase 3-like proteases were not only dramatically activated in cells exposure to O6-toxins, but also initiates its deadly assault on the cell by selectively cleaving a number of 'death substrates'. Although caspases are a pivotal executioner of mammalian apoptosis [38, 39] , cells lacking caspase can still undergo death [10, 11, 40] . Our results show that a pan caspase inhibitor, zVAD-fmk, effectively blocked the caspase 3-like activity, but it did not prevent cell death ( fig. 4) , indicating that caspases orchestrated only part of the effects induced by O6-toxins. It seems that caspases act after the ERK step at which point the cells became committed to cell death or can still be rescued by survival factors. We could not exclude the involvement of (an) other protease(s) in E. coli-induced renal tubule epithelial cell death, with specificity similar to that of caspases, like cathepsin D [41] . Damage of mitochondrial is another possibility of leading to caspase-independent apoptosis [42, 43] .
It is well known that apoptosis may be inhibited by several serum factors [19] . We show that high concentration of fetal calf serum (10%) completely protects cells from O6-mediated death, while low serum concentration (0.2%), which is still capable of maintaining cell viability, does not protect against cell death. Serum albumin has been suggested as a survival factor. It may protect cells as a scavenger [44] or by directly inhibiting apoptosis [26] . Furthermore, serum albumin often carries lipids. Our data show that a commercial albumin preparation, which is not devoid of lipids, can inhibit apoptosis. Interestingly, the same dose of a lipid-free albumin cannot inhibit the apoptotic cascade. These results strongly suggest that albumin-bound lipid(s) may play a role in preventing cells from undergoing O6-dependent apoptosis and that the protection is not simply due to quenching of the toxin. Molecules carried by albumin include phospholipids such as LPA [45] , which is a naturally occurring lysophospholipid and is released by activated platelets and injured cell in several pathophysiological conditions, including infection. It has been shown that LPA may act as a major serum noncytokine survival factor for several cell types, including renal proximal tubular epithelial cells [19] . In vitro, it was tested that the effect of LPA on cell survival is concentration dependent with optimum at 30 ÌM [27, 46] . In the present study we demonstrated that 30 ÌM LPA protected against E. coli O6-dependent-apoptosis, a concentration close to that in serum (5-20 ÌM) (47) . 10% fetal calf serum is able to inhibit apoptosis. The LPA concentration in 10% fetal calf serum should be lower than 30 ÌM and, therefore, we cannot rule out the possibility that other serum factors may be also involved in protecting from apoptosis.
LPA acts via G-protein-coupled receptors (GPCRs) and PI3K-dependent pathways [18, 28] . In our model, when specific inhibitors of GPCRs and of PI3K were used in combination with LPA, apoptosis was still detected, indicating a specific effect of LPA via Gi-Ras-Raf-PI3K pathway. Moreover, Wort and PTX could also inhibit the protective effect of AL (the albumin preparation not devoid of lipids) (data not shown), indicating that this effect is also mediated by GPCRs and PI3K. Therefore, these data strongly suggests that the albumin-bound lipid protecting against apoptosis may indeed be LPA. It has been hypothesized that cell proliferation occurs in regions where tubular injury had occurred and that local factors released in response to cellular injury, may mediate nephron repair by acting in an autocrine and/or paracrine fashion [48] . It is likely that LPA plays a role as a local growth factor in response to cell injury, wound healing and inflammation, and may be part of a cascade that is triggered by invading bacteria during urinary tract infection.
In conclusion, this study indicates that during urinary tract infection, renal tubular epithelial cells are exposed to E. coli toxins and may undergo ERK-mediated cell death, but they may be protected from cell death by local survival factors released by platelets or injured cells. The balance between pro-and anti-apoptotic factors may have relevance for scar development.
